Elected For.Mem.R. S. 1957 By P h i l i p p e M a t il e Students of biology learning today the basic facts about plant cell walls or the ultrastructure of plastids do not normally come upon the name of the late Professor Albert Frey-Wyssling, simply because some of his major achievements belong to the common knowledge of contemporary biology. The first edition of his book, the Submicroscopic morphology o f protoplasm, which marks the beginning of cytological research beyond the resolution power of the light microscope, was published half a century ago in 1938. Indeed, Frey-Wyssling was the most prominent of pioneers who endeavoured to elucidate the fine structure of plant cells many years before the advent of electron microscopy. This memoir offers an opportunity to recall the exciting era of discoveries in ultrastructural cytology that is associated with Albert Frey-Wyssling's substantial contributions.
Ca r e e r Albert Frey-Wyssling was born on 8 November 1900 in Kiisnacht on Lake Zurich where his father taught geology, chemistry and anthropology at the teacher training college of the Canton of Zurich. One of his grandfathers and several of his aunts were also teachers and this is why he thought that his own talent to teach was genetically determined. He did not receive any formal training in teaching, nevertheless, he developed into a dedicated and most successful academic teacher.
After six years of elementary school in Kiisnacht he entered the Realgymnasium (Latin) in Zurich and passed the graduation examination in 1919. He then joined the faculty of natural sciences at the Swiss Federal Institute of Technology (ETH) with the intention of specializing in botany. At that time botany in Zurich was dominated by such famous plant taxonomists and sociologists as C. Schroter, E. Riibel and J. Braun-Blanquet. It would have been logical to join the rising generation of this school, yet he realized that his specific talent called for a type of botanical research that is based on the fundamental sciences, on mathematics, chemistry and physics rather than on taxonomy. This early awareness of personal abilities was certainly roused upon contact with excellent teachers such as G. Polya (mathematics). P. Niggli (crstallography), P. Scherrer (physics), H. Staudinger and G. Wiegner (chemistry). When it came to deciding the field for his thesis he joined the Department of General Botany and Plant Physiology headed by P. Jaccard and applied the methods of crystallography learnt with P. Niggli to a common species of crystals in plant cells, calcium oxalate (1,2)*. In 1924 he took his degree as a doctor of natural sciences.
Several stipends allowed the young Albert Frey to develop his knowledge of plant anatomy (with R. Chodat in Geneva, 1922) , microscopy (with H. Ambronn in Jena, 1924-25) and plant physiology (with M. Molliard in Paris, 1925-26) . He returned to the ETH as a research assistant in 1926. Jaccard, at that time a wood anatomist, asked him to work on wood and so he decided to study the nature of the staining-reaction with chlorozinc-iodine (4). This was a decisive step into 'the ultramicroscopic area of biology' as he called it in his inaugural address following his nomination to 'Privatdozent' in 1928 (5) .
Salaries of research assistants were low in the late 1920s, too low to get married and establish a family. So, when he was offered the position of plant physiologist at the rubber research station AVROS in Medan, he applied for leave as a lecturer, married Margrit Wyssling, and went to Sumatra for four years.
Frey is a rather common family name in Switzerland; to avoid confusion with other scientists of the same name he added his wife's maiden name to it and from 1929 signed himself Frey-Wyssing.
An appointment as a lecturer to the Department of General Botany at the ETH allowed him to return to Zurich in 1932. During the six years before he was appointed Professor of General Botany, as successor to P. Jaccard, he established his own school with undergraduate and graduate students investigating the submicroscopic structures of birefringent objects such as starch grains, cutinized cell walls and chloroplasts. Leave in 1937 allowed him to be introduced by O. Kratky, Vienna, into X-ray diffraction techniques which were subsequently employed by his group for investigations into the structure of cellulose.
His teaching responsibility comprised the whole range of plant morphology and physiology. Students of four faculties -natural sciences, agriculture, forestry, phar macy -attended the lectures of this excellent, energetic and demanding teacher. He also lectured on tropical and subtropical cultivated plants for the students of agricul ture, thus making use of, and passing on, the knowledge he had accumulated in Sumatra. From 1938 From to 1970 , the year of his retirement, well over a thousand students attended his lectures and were examined orally.
In the course of time research at his department gradually diversified. Although the emphasis continued to be on the various aspects of submicroscopic morphology, areas of plant physiology such as nectar secretion, secondary products, extension growth and respiration were added. Even after the availability of the electron microscope Frey-Wyssling continued to take an active interest in the development and application of the various forms of light microscopy. This branch of the department with activities aimed at the further development of ultraviolet and fluorescent microscopy, particu larly cytofluorometry, was the responsibility of F. Ruch.
The most important event in the development of Frey-Wyssling's department was, however, the annexation of a laboratory for electron microscopy. After encouraging * Numbers in this form refer to entries in the list of publications at the end of the text.
adventures with a primitive Swiss-made electron microscope in 1944 and following years, K. M iihlethaler was trained in the laboratory of R.W.G. Wyckoff, Bethesda, in 1950 and subsequently was charged with heading the first electron microscopy labor atory in Switzerland. There is little doubt that the decision at the ETH to establish electron microscopy at the D epartm ent of General Botany had been a consequence of Frey-Wyssling's pioneering work on the indirect elucidation of submicroscopic structures. The laboratory for electron microscopy developed into an internationally renowned research centre and attracted many guest investigators and postdoctoral fellows from all over the world, especially in the 1960s.
Professor Frey-Wyssling's academic career culminated in 1957 when he was elected Rector of the Swiss Federal Institute of Technology. He held this position for four years. His loyalty to the ETH was remarkable. When he retired in 1970 he had been affiliated continuously with this institution for half a century and had run through the entire gradation of academic degrees and positions. No wonder that he was intimately familiar with, and had great influence over, the affairs of the ETH.
Within the international scientific community he was a prominent figure. He enjoyed meeting his many colleagues and friends at the occasion of the International Botanical Congresses. He also travelled a lot and was appointed a guest-professor on several occasions. In 1956 he delivered the John M. Prather Lecture on Macromolecules in Cell Structure (25) at Harvard University; in 1961 the Walker Ames Lectures at the University of Washington; in 1965 the Messenger Lectures at Cornell University, to mention just a few of scientific tours, which also led him to Brazil, Australia, Spain and Israel.
After his retirement he remained in close contact with his three successors at the Department of General Botany and with their teams. He continued publishing, attending congresses and meeting with his friends and former colleagues. In 1984 he published his autobiographical recollections (39) which were very helpful in the preparation of this memoir.
T h e m a n The country house near Meilen looks over the lake of Zurich, promontories and the Alps. A passionate gardener, Frey-Wyssling cultivated a large area of land around his house, assisted by his wife Margrit, a professional gardener. Guests were proudly offered the produce of the small vineyard as well as berries, apples, cider, dried pears and walnuts. His mode of living was modest: he never owned a car but used public transport. The working day began early with a long walk or bicycle ride to the railway station. At 10 a.m., when coffee break at the department assembled all collaborators, he had already completed a substantial part of his day's work. He was a disciplined worker. Nothing can demonstrate this better than the fact that the preparation of his standard monograph Die pflanzliche Zellwand (29) coincided with the first term of his tenure of office as Rector of the ETH. Indeed, he had an astounding efficiency which enabled him to see through a demanding academic job, the administration of a large department, the full teaching load and the completion of a book. His working days and weeks were almost invariably divided into periods of concentrated work and periods of relaxation, the most remarkable of these daily relaxation periods was the coffee break, normally a cheerful get-together enriched with discussions about all possible themes and issues. One of the weekly forms of relaxation was gardening on Thursdays, another playing cards on Friday afternoon with friends made in Sumatra. The mutual effect of this dedication to work and this joy of living may have contributed to his perpetual productivity. He was very ambitious with respect to scientific achieve- ments as well as administrative and teaching affairs. Yet, during coffee breaks or the many botanical excursions and skiing camps that he organized for the department he was inclined to all sorts of jokes, amusements and singing.
Debates with Frey-Wyssling on scientific, social or political issues were most en joyable as he not only had very personal opinions but was remarkably eloquent in defining his views. His pronounced common sense was always evident and he could occasionally be very indignant when he was confronted with questionable ideas. He was ready with his tongue and he was conscious of this ability. In his political convictions he was unshakable. This may best be illustrated by the fact that he refused to take an honorary degree from the University of Jena (1958) because the celebration would have coincided with the commutation of the autonomous status of the Univer sity into a governmentally and politically controlled institution. He strongly believed in the necessity of the freedom and independence of academia. Frey-Wyssling had a political mind, though he never strove for a political career. He was a democrat of conviction and German colleagues who, in the 1930s, adopted 'Heil Hitler' as a new form of salutation, received harsh letters telling them that he would discontinue corresponding under such circumstances.
One of his political efforts that is worth mentioning concerns nature conservation. In 1959 he proposed the generous financing of corresponding projects through a tax on land in use by industrial or electrical power plants (28). He was a nature-lover, an indefatigable hiker and mountain climber, yet his common sense told him that the conservation of rare biotopes and beautiful landscapes is a matter of finances rather than of naturalist's enthusiasm.
Frey-Wyssling was fluent in several languages. At the International Rubber Con ference in Kuala Lumpur in 1975 he delivered a speech in Malayan. He enjoyed discovering etymological connections and this consciousness of language not only allowed him to speak the genuine local Swiss of Zurich but also was responsible for his marked relentlessness in the use of correct scientific terms. When 'protoplasts' were introduced as a convenient experimental system he was upset about this wrong term and immediately proposed the adoption of 'gymnoplasts' as an adequate term (36).
Quite early in his academic career he desisted from laboratory work and chose the writing desk as the battle field. According to his own statement it was upon writing the books and papers that the ideas occurred to him. The scientific community recognized him as a pioneering electron microscopist, yet he probably did not take a single micrograph. But he developed the theories and transformed the data produced in his laboratory into excellent scientific literature. He created a stimulating atmosphere, a sense of well-being for the whole family of his collaborators, and was the father and the centre of the department.
T h e s c ie n t if ic w o r k

Submicroscopic morphology
When Albert Frey absolved his first postdoctoral training in 1924-25, submicro scopic morphology (as he later termed this field of research) was almost totally neglected. The director of the Institute of Scientific Microscopy at the University of Jena, Hermann Ambronn (1856 Ambronn ( -1927 , was the only botanist who, at that time, attempted the elucidation of biological structures by the use of polarization microscopy 'behind closed doors' as he used to say. Ambronn's approach undoubtedly matched the scientific desire of the young Frey. The book Das Polarisationsmikroskop (3), which he published with Ambronn in 1926, demonstrates the intensity of his absorption in the theoretical background. According to Ambronn's conviction and based on the explanation of birefringence in anisotropic bodies by Wiener, the textures of gels could be explored indirectly by optical means. The crucial conditions were only that the strands or layers of the framework must be separated from the intermicellar space by definite phase boundaries and that they must be oriented or at least have a tendency to orient in a given direction in space. Thus cell walls and their cellulose fibrils, starch grains, multilayered cuticles and chloroplast were the botanical materials ideally suited for exploring structures of rodlet and layer composite bodies. In the case of cell walls the orientation of cellulose fibrils could be established from the axis of birefingence. Intercalation of gold and zinc in the fibrillar system and the dichroism caused by the anisotropic adsorption of these metals yielded data about the structure of the inter micellar space. Reading through the early work you still get a feeling of the fascination exerted by the possibility of going deeply into an invisible world of structure. To observe with the power of the intellect what cannot be observed directly because of the limited resolution power of the light microscope; this was the aim and motto of his pioneering work which culminated in 1938 in the publication of the classical book Submikroskopische Morphologie des Protoplasmas und seiner Derivate (12). This book had a tremendous influence, especially after World War II, when the predicted textures of cellulose in the cell walls and lamellar structure of chloroplasts were confirmed by direct observation in the electron microscope and submicroscopic morphology rapidly developed into a major area of research. Two English editions and the editions in Russian, Italian and Spanish demonstrate how eagerly the scientific community received Frey-Wyssling's models of ultrastructure. Incidentally, he was also a pioneer by putting into action what much later became popular as 'general biology'. His treatise not only covered the ultrastructure of plant cells but also those of erythrocytes, gametes, silk, collagen, muscle fibres and nerve cells, as far a optical methods had contributed to the elucidation of their structures. Whereas in the first edition the emphasis was on the models derived from birefringence, dichroism and, to a lesser extent, X-ray diffraction, the subsequent editions were enriched with early electron micrographs of macerated cell walls and fragments of chloroplasts.
During World War II and even in the following years Switzerland was cut off from the development of electron microscopes in Germany and in the U.S.A. Despite the lack of direct scientific information, an instrument was constructed in the early 1940s by an engineer from the Trub Tauber Company in Zurich, G. Induni. It was successfully employed in 1944 by K. Muhlethaler, at that time a postgraduate student of Frey-Wyssling, for the first direct observation of fibrillar structures in bacterial cellulose and other gels (19) . By using macerated cell walls and shadow casting, the textures of cell walls, as they had been predicted indirectly before, were confirmed in the course of the late 40s and early 50s. A breakthrough was the first observation of the thylakoids in the shadow casted preparations of broken chloroplasts. The micrographs showed struc tures resembling overthrown stacks of coins and the morphology of chloroplast was thus named as 'G eldrollenstruktur'. Embedding and ultrathin sectioning was not developed in Zurich but it was introduced by those of his students who worked as postdoctoral fellows in electron microscopy laboratories abroad.
One of them was Erwin Steinmann. H e worked with Fritjof Sjostrand in Stockholm and produced the first excellent electron micrographs of thin sectioned chloroplast which confirmed and extended the predicted structure of a layer composite body (23).
It was in the context of these early experiences with the electron microscope that the membrane emerged as a universal biological principle. It represented the real structure of what before was merely conceived as a phase boundary. A methodological development, which greatly influenced research into the fine structure of membranes, was made in the laboratory of Frey-Wyssling and Miihlethaler. In 1963 Hans Moor and Heinz W aldner completed the construction of the freeze-etching apparatus which allowed the production of plastic images of fractured membranes. This apparatus soon became part of the standard equipment of electron microscopy laboratories all over the world.
In the 1950s and 1960s Frey-Wyssling, together with Miihlethaler, was in the forefront of ultrastructure research. While Miihlethaler and his group did the work with the microscope Frey-Wyssling hatched the ideas about the development of chloroplasts and relationships within the family of plastids. He had a tremendous capacity for summarizing the fact and displaying them in the form of models and schemes.
His theories were not always correct as, for example, in the case of plastid initials. But in general his intuition led him to correct interpretations. The elucidation of cell plate formation through the fusion of Golgy-vesicles by Lopez-Saez (34) the observa tion of etioplast-chloroplast transformation in Elodea by Miihlethaler, and the fine- i, intermicellary ca structural analysis of chromoplasts by Emilia Kreutzer (26-27) were highlights of this period. The book Ultrastructural plant cytology (35) published with Miihlethaler in 1965 represents a comprehensive account of the knowledge gained during this great period of electron microscopy. Ten years later he published another monograph on the same subject, in which he emphasized the homologies within the membrane systems and cell organelles (37). His independent scientific concern remained, however, the plant cell wall. The work was done at the desk rather than in the laboratory. He worked up the current literature, corresponded extensively with the colleagues working in this field, and in 1959 eventually produced his monograph Diepflanzliche Zellwand (29, 38).
Most of Frey-Wyssling's research in plant physiology was associated, in one way of another, with the working period in Sumatra 1928-32. At the rubber research station in Medan he was responsible for dealing with the current problems of tapping, breeding and pest control in Hevea brasiliensis. It is typical of his special liking for applying physics to the understanding of biological phenomena that he investigated the flow of latex in the laticifers and the dilution reaction induced by the tapping. On the basis of pressure conditions in the laticifers and the law of flow in capillaries, he developed a satisfactory theory (7) (8) 22) . A cytological discovery in the latex (6) is worth mentioning because, to this day, it remained associated with his name: the 'Frey-Wyssling bodies'. Originally described as a distinct yellow particle, they have since been identified as a type of chromoplast that occurs in the latex of A nother side product of his work with the rubber tree was his interest in nectaries and nectar secretion. The composite leaves of Hevea have an extrafloral nectary which is active upon the completion of leaf expansion. In an attempt to interpret this peculiar waste of sugar he followed a mechanistic line of thought and developed the 'Saftventiltheorie' (9). He conceived these nectaries as valves which are responsible for the regulation of pressure in the phloem when the matured leaf begins to export assimi lates. The significance of extrafloral nectaries has never been explained satisfactorily, yet neither is his theory very attractive. But in a way it is typical of his approach to biological phenomena. The continued interest in nectaries led to several cytological and physiological studies supporting the view that nectar is the secreted sap of sieve tubes.
A feature of Frey-Wyssling's way of dealing with a topic is the completeness of his working up the literature. Regarding the phenomenon of elimination with which he was confronted when dealing with laticifers and polyterpene, it is remarkable that the work eventually led to the publication of a monograph Die Stoffausscheidungen der Hoheren Pflanzen (11) in 1935, only three years after his return from Sumatra. In this book (see also 10) he introduced the terminological distinction of recretion (elimina tion of inorganic substances), secretion (elimination of primary metabolites such as sugars, polysaccharides of cell walls, proteins) and excretion (final deposition of waste products of metabolism, i.e. secondary compounds). Although the correct use of these terms was not always clear they allowed, in his opinion, a decent classification of compounds with regard to their position in metabolism. Apparently, and rather Plant physiology surprisingly, he was not interested in the biological functions of secondary compounds. His line of thought was the inevitable waste production of metabolism. Hence, he hypothesized extensively abut the links between the primary metabolites and their secondary excreted derivatives. Examples of this theoretical search are contained in the text book Stoffwechsel der Pflanzen (20) which he wrote for his students Yet his approach was not primarily an experimental one and so the elucidation of secondary metabolism remained largely unpublished matter of brain work.
Tobacco played an important role since Frey-Wyssling was a consultant to the Swiss tobacco growers and manufacturers. H e studied the respiration of tobacco leaves, the process of fermentation, and especially the phenomenon of browning of leaves. The role of subcellular compartmentation in the separation of phenolics and phenol oxidase in the living cells was deduced from the browning reaction occurring only upon the death of the leaf. As early as 1942 he reasoned that the effect of glycosilation of many secondary compounds is the water solubility necessary for the storage of large quantities of the vacuolar sap (17).
Investigations on cell expansion were primarily focused on the cell walls and the changes of texture associated with extension. Attempts to analyse protein metabolism during growth were not a priority in the 40s (14-15) and the debates on the question of whether or not protein is synthesized during cell expansion in retrospect seem rather irrelevant.
With a single, but important exception there are no contributions to cell wall biochemistry and physiology. This is surprising since such a research effort would have been a logical complement to the morphological work. The exception is associated with the work of a postgraduate student, Gian Kessler, who isolated large quantities of callose plugs from the sieve plates of quiescent wood of Vitis vinifera and identified them as /?l,3-glucan.
Wood and fibres
A considerable part of Frey-Wyssling's scientific work is devoted to various aspects of wood. The topics of corresponding publications range from wood anatomy (16, 18, 31) and physical properties of wood (13,21) to fine structure, particularly of the various types of pit membranes (24,30), and lignification (32). His principal collabor ator in the work on wood was H.H. Bosshard with whom he edited a multilingual glossary of wood anatomical terms (33).
Throughout his scientific career he was, however, inclined towards fibres, particu larly to those which, upon bleaching, allowed the study of native cellulose. The giant ramie fibres and their astonishing birefringence were his favourites. Fibres and their cellulosic secondary walls were his choice of a model system for the elucidation of structure on a molecular level. A early as 1926 he published on Nageli's theory of micellae and, indeed, cellulose turned out to be ideally suited for the study of micellae and intermicellar spaces. Reading through the bibliography, fibres and cellulose appear as a leitmotiv of his work. There is little doubt that the elucidation of the whole hierarchy of fibrillar structures of cellulose and the textures within cell walls represent the core of Frey-Wyssling's scientific work. 
